In this paper the pendant drop method to measure interfacial tension between molten polymers is reviewed. A typical pendant drop apparatus is presented. The algorithms used to infer interfacial tension from the geometrical profile of the pendant drop are described in details, in particular a new routine to evaluate correctly the value of the radius at the apex of the drop, necessary to the calculation of interfacial tension is presented. The method was evaluated for the possibility of measuring the interfacial tension between polyethylene and polystyrene. It is shown that the method is unsuitable for the measurement of interfacial tension between high density polyethylene and polystyrene due possibly to a too small difference of density between the two polymers. Values of interfacial tension between low density polyethylene (LDPE) and polystyrene (PS) as a function of the molecular weight of PS are presented. It was shown that the interfacial tension between LDPE and PS increased as a function of molecular weight of PS up to values of molecular weight of roughly 40,000 g/mol, value for which entanglements occur.
Introduction
Polymer blends have gained an increasing popularity in the field of polymer science and industry during the last thirty years. The growth in the use of polymer blends is mainly because they combine the properties of different components to result in a material with optimized mechanical strength, low permeability to water and to oxygen, optical properties, low capital cost, single step processing and adaptability to recycling of reground products.
When working with polymer blends, it is important to obtain at least partial compatibility between the components of the product. Polymer compatibility is an important factor in the processing of polymer blends since it governs the adhesion and the condition of the interface and, therefore, the morphology and mechanical properties of the blend, i.e. the final characteristics of the blends. Interfacial tension is one of the key parameters that governs the compatibility between the components of the blend 1, 2 . It is the single most accessible parameter that describes the thermodynamic state and structure of an interface.
Unfortunately, very few data are available regarding interfacial tension between pairs of polymers. Research has been limited in that field because there exist few methods that can be used to measure interfacial tension between molten polymers. Among the various methods to measure interfacial tension between two liquids, only a few are suitable for polymers because of their high viscosity. In general, the equilibrium static methods are most commonly used. They involve the evaluation of a profile of either a sessile drop [3] [4] [5] [6] [7] [8] [9] [10] [11] , or a spinning drop [12] [13] [14] [15] [16] or a pendant drop [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Dynamic methods, based on the breaking thread and imbedded fiber were also used [28] [29] [30] [31] [32] [33] [34] [35] to determine interfacial tension. More recently, rheological theories have been developed to infer interfacial tension from small amplitude oscillatory shear measurements
In this work the pendant drop method to measure interfacial tension between molten polymers is reviewed and an apparatus based on the pendant drop method is presented. The algorithms to infer interfacial tension from the pendant drop profile are described in details. The method was evaluated for the measurement of interfacial tension between polyethylene and polystyrene. The results are reported here.
Theory of the Pendant Drop
The pendant drop method is probably the most convenient, versatile and popular method to measure interfacial tension between molten polymers 40, 41 . The pendant drop method involves the determination of the profile of a drop of one liquid suspended in another liquid at mechanical equilibrium. The profile of a drop of liquid suspended in another is determined by the balance between gravity and surface forces. The equation of Bashforth and Adams 42 which is based on Laplace's equation, relates the drop profile to the interfacial tension through a nonlinear differential equation which is given below:
where B is given by
where ∆ρ is the difference between the densities of the two polymers in contact, g is the gravitational constant, γ is the interfacial tension, a is the radius of curvature at the apex of the drop, x, z, Φ are the coordinates defined as in Fig. 1 , and R1 is the radius of curvature at the point with coordinates (x, z). R1 and Φ can be defined geometrically by:
Evolution of the Method
In 1882, Bashforth and Adams derived the theoretical form of a pendant drop and calculated tables of drop contours. These tables can be used to determine the interfacial tension by fitting the experimentally measured drop contour to the theoretical curve. Photographs of the evolving drop could be taken as a function of time for comparison. However, this procedure is very tedious. To simplify this procedure, the following empirical relationship was proposed by Andreas 43 :
where γ is the interfacial tension, ∆ρ is the density difference, De is the equatorial diameter of the drop, H is a correction factor which is related to the shape factor of the pendant drop, S, defined as:
where Ds is the drop diameter measured horizontally at a distance De away from the apex of the drop. Stauffer 44 46 . A more elaborate method was proposed by Roe et al. 40 It involves a series of S values, Sn, where:
where Dn is the horizontal drop diameter measured at a distance Dexn/10, (with n being an integer 1 ≤ n ≤ 10 ) from the apex of the drop. Unfortunately, the above methods use only few measurements to define the entire shape of the drop, leading to imprecision in the comparison between the experimental profile and the numerical solution of the Bashforth and Adams equation. The error involved in using these methods was analyzed by Roe 40 . Another problem encountered in using the above methods of comparison is in the determination of the time at which the mechanical equilibrium of the drop is reached. As an example, Wu 47 recommends that the variation of 1/H in Eq. (5) should be less than 0.5% over a period of fifteen minutes.
Recent progress in image analysis and data acquisition systems has made it possible to obtain a direct digitization of the drop image with the aid of a video frame grabber of digital camera 48, 49 . The digital signals are analyzed using different algorithms to determine the interfacial tension from the drop profile 21, 24, [50] [51] [52] [53] [54] [55] . Anastasiadis 21 developed an algorithm that uses a shape comparison first developed by Siegel 56, 57 (used in the comparison of the shape of primates and human skulls). These routines are resistant to outlying points that may be encountered in case of noisy digitized signals. The programs showed satisfactory performance in the evaluation of the interfacial tension of polymers. Similar algorithms were used by Demarquette and Kamal 24 . A typical pendant drop apparatus is described below. This equipment was constructed at the Metallurgical and Materials Engineering Department of the University of São Paulo. The drop analysis of experiments conducted in this work was conducted using algorithms based on the ones developed by Demarquette and Kamal 24 but differ in the evaluation of geometric parameters of the drop (particularly in the evaluation of the radius of curvature of the drop at the apex).
Description of a Typical Apparatus

General description
A typical pendant drop apparatus consists of three parts: an experimental cell a illuminating and a viewing system to visualize the drop and a data acquisition system to infer the interfacial tension from the pendant drop profile. The apparatus which was developed at the Metallurgical and Materials Engineering Department of the University of São Paulo was similar to the one described in more details in Ref. 25 . Figure 2 shows a sketch of the apparatus.
Description of the software
Using a pendant drop system it is possible to register the evolution of a drop of one molten polymer into another as a function of time. Images of the drop are taken automatically at a certain frequency which depends on the time duration of the test. The images are digitized by a frame grabber resident in the computer and are analyzed on line measuring, therefore, the interfacial tension ''on line'' during the experiment. The contours of the drops are analyzed to infer interfacial tension from the profile of the drop using different programs. The whole process of digitalization and analysis of the drop lasts less than 40 seconds. It consists of four steps: 1) capture and digitalization of the image of the pendant drop; 2) extraction of the drop contour, determination of the radius of curvature at the apex necessary for the calculation of interfacial tension; 3) smoothing of the extracted contour of the drop using polynomial regression; 4) shape comparison between the theoretical and experimental drop, inferring the interfacial tension value. These four steps are described below.
1) Capture and digitalization of the image of the pendant drop
The drop is captured by the frame grabber with a resolution of 480 x 640 using tools of a commercial software.
2) Extraction of the contour and determination of the radius of curvature at the apex necessary for the calculation of interfacial tension An edge detection program is used after the digitization of the image of the drop to obtain its contour. The contour of the drop is defined by the last pixel with a gray level higher than the threshold value. Some researchers 48 have shown that the interfacial tension value is affected by less than 1% if the contour of the drop is chosen based on the last black (above the threshold) instead of the first white (below the threshold) pixel.
In order to evaluate the interfacial tension using Eq. (2) it is necessary to know the radius of curvature at the apex of the drop. In this work a special routine was written in order to evaluate this parameter. In many works, the value of the radius of curvature at the apex of the drop is taken as the distance between the apex and the center of the diameter as shown in Fig. 3a . In the case of longer drops as shown in Fig. 3b the values of the radius at the apex are overestimated, consequently overestimating the values of interfacial tension (see Eq. (2)).
Once the edge detection has been performed, the symmetry axis of the drop is determined. The intersection I (XI, YI) between the drop profile and the symmetry axis is also Vol. 2, No. 1, 1999 Interfacial Tension between Molten Polymers 25 determined. Circles of different radiuses are superposed to the maximum number of points around the apex. The radius of the circle that superposes to the maximum number of points is taken equal as the radius of curvature of the drop at the apex.
3) Smoothing of the drop A smoothing program is needed due to the finite resolution of the frame grabber. The smoothing routine makes use of local polynomial regression methods. The smoothing is done piece wise (i.e. point by point replacement) along the whole profile of the drop. The program starts by identifying n contiguous points along the drop profile. The program iterates the smoothing loop by operation on the first n points. The angle ω made by those n points with the horizontal axis is determined by a linear least square regression. The middle point is rotated and translated according to the transformation below:
where (x', y') are the coordinates of the points in the second coordinate system, (x, y) are the coordinates of the points in the first coordinate system, (xm, ym) are the coordinates of the middle point in the first coordinate system. The points are then smoothed in the new coordinate system. After smoothing the coordinates of the midpoint in the first coordinate system are given by:
where (xsm, ysm) are the coordinates of the midpoint after smoothing in the first coordinate system, (x'sm, y'sm) are the coordinates of the midpoint after smoothing in the second coordinate system, (xm, ym) are the coordinates of the midpoint before smoothing in the first coordinate system. Each iteration produces, the smoothed value for the midpoint of the target group. Therefore, the first n/2 and last n/2 points of the drop are not smoothed.
The method and algorithm were first used by Anastasiadis et al. 21 .
4) Shape Comparison
This program makes a comparison of the shapes using the experimental points after smoothing and the theoretical points found by solving the Bashforth (14) where S is the ratio De/Ds, De is the equatorial diameter of the drop, Ds is the diameter measured horizontally at a distance De from the apex of the drop. A robust shape comparison between the experimental and the theoretical profiles is then performed. The robust shape comparison consists of an optimization on five parameters: three parameters for alignment of the imaging system to the coordinate system of the dimensionless drop (an x translation, a x translation and a rotation), one parameter for the magnification factor of the drop and one parameter for the scaling factor B. The optimal value is then obtained, and the interfacial tension is calculated from the Eq. (2).
More details about the calculations used to perform the shape comparison can be found in Siegel 56 ,57 who first used this method for the shape comparison of skulls of primates.
Use of the Method to Measure Interfacial Tension between Polyethylene and Polystyrene
Material and material characterization
Pure monodisperse polystyrene of different molecular weight and low and high density polyethylene were used in this work to evaluate the pendant drop as a method to measure the interfacial tension between polymers. Table 1 shows the materials used in this study; the molecular weight of the polystyrene samples reported were obtained from Sigma Aldrich and the molecular weight of the polyethylene samples were measured by G.P.C. at Polisul.
In order to evaluate the interfacial tension between two polymers using the pendant drop method it is necessary to evaluate the density of the polymers in the molten state. Unfortunatelly, it is very difficult to measure density of polymers in the molten stage 59 . In this work the densities of polyethylene samples were evaluated using Tait Equation 60 ; the densities of polystyrene were obtained using the empirical equation of state of Fox and Flory 61 as follows. According to Tait Equation 60 the specific volume of a polymer as a function of temperature and pressure can be written as: 
where T is the temperature in °C. These parameters were chosen because they were inferred from PVT data of polymers with similar molecular weights as the ones used in this work. In both works 62 Fox and Flory reported a difference between the prediction of the proposed equation and the experimental data of less than 0.03%. Figure 4 shows the typical processing sequence for a drop of polymer. It this case it is shown a drop of polystyrene (Mn = 200,000 g/mol) inside a matrix of Low Density Polyethylene at a temperature of 202 °C. Figure 4a shows the drop after digitalization as it appears on the screen, Figure 4b shows the edge detection, Fig. 4c shows the experimental contour after smoothing and Fig. 4d shows the superposition of the theoretical contour inferred from the shape comparison and the experimental contour. It can be seen from Fig. 4d the good agreement between the experimental and theoretical contour. Figure 5 shows the evolution of the contour of a drop of polystyrene (Mn = 200,000 g/mol) inside a matrix of low density polyethylene at a temperature of 202 °C at different times (at the beginning of the experiment and after 1, 2, 3, 4, 5, 6, 10, 12 h) during the experiment. Figure 6 shows the interfacial tension calculated from the shape comparison as a function of time for the same drop. It can be seen from Fig. 5 that after 10 h the contour of the drop does not evolve any more. It can be seen from Fig. 6 that the value of interfacial tension is constant after 10 h. Typically, it takes eight to ten hours for a drop of polystyrene in a matrix of low density polyethylene to reach equilibrium. The time to reach mechanical equilibrium depends on the viscosity of the samples involved in the measurement, i.e. on the tem- perature at which the experiment is performed and also on the molecular weight of the sample. It was verified monitoring the molecular weight before and after the experiment that no thermal degradation occurred. Table 3 presents the values of molecular weight before and after an interfacial tension measurement measured by G.P.C of one sample of polystyrene. It can be seen that the molecular weight of the polystyrene did not change during the experiment. Also, if any degradation of the polymer would have occurred it would had affected the value of interfacial tension and the curve γ = f(t) would not be constant.
Evaluation of the pendant drop method to measure interfacial tension between polyethylene and polystyrene
It can be seen that the evolution of the interfacial tension γ(t), obtained experimentally from the shape comparison, as a function of time can be fitted by an exponential decay as follows:
where γ(t) is the value obtained experimentally from the shape comparison as a function of time, γ∞ is the value of γ(t) at infinite time, i.e. the value of interfacial tension, γo is the value of γ(t) a t = 0 and m a constant. These results suggest the possibility of inferring interfacial tension from Figure 7 shows the evolution of a pendant drop of PS (Mn=200,000 g/mol) in LDPE at a temperature of 202 °C at the beginning of the experiment, after 30, 60, 120, 300 and 720 min. It can be seen that the drop is moving upwards and that it is impossible to obtain the pendant drop. This is probably due to the too small difference of density between the two polymers in the molten state. Therefore it was not possible to infer interfacial tension between HDPE and PS using the pendant drop method. Figure 8 shows the interfacial tension between LPDE and PS as a function of molecular weight of PS at a temperature of 202 °C. The experimental values are reported in Table 3 . During experiments, measurements were taken every five minute, until the mechanical equilibrium of the drop was reached. The mechanical equilibrium was determined when four consecutive measurements of interfacial tension from the drop profile varied by less than 2%. Thereafter, measurements were taken every five minute for two hours; the data were averaged and reported as the equilibrium interfacial tension value. The values reported in Table 3 are the average values of interfacial tension from the analysis of two to four drops.
Influence of molecular weight of PS on interfacial tension between LDPE and PS
The polydispersity of the samples of PS used here ranged from 1.05 to 1.16 . It has been shown that the polydispersity affects the interfacial tension between polymers 64 , but the difference of polydispersity of the samples studied here is not high enough to have any effect on the interfacial tension. It can be seen from Fig. 8 that the interfacial tension increases as the molecular weight of polystyrene increases, as expected thermodynamically. The experimental data appear to suggest that the interfacial tension between LPDE and PS starts to level off when the molecular weight of PS exceeds 30,000 g/mol. This value of 30,000 g/mol corresponds to the value at which entanglements start to occur for PS 35 . Kamal et al. 25 and Elingson et al. 31 observed the same trend for the interfacial tension between polypropylene and polystyrene and polymethylmethacrylate and polystyrene respectively when the molecular weight of polystyrene was varied.
Conclusion
In this paper the pendant drop method was reviewed for measuring interfacial tension between molten polymers. The pendant drop method consists of inferring the interfacial tension from the shape profile of a pendant drop of one liquid in another at mechanical equilibrium. At the beginning of the sixties, when this method started to be used to measure interfacial tension between molten polymers, photographs of the evolving drop were taken as a function of time and geometrical parameters of those drops were compared to tabulated values in order to infer interfacial tension. These procedures were very tedious and not precise. Nowadays, thanks to progress in data acquisition and drop profile analysis, it is possible to couple the pendant drop method to a data acquisition system and infer the interfacial tension from the analysis of the image of the drop.
In this work a typical pendant drop apparatus was presented and the algorithms used to infer the interfacial tension from the drop profile were described in details. The whole process consisted of four steps: 1) capture and digitalization of the image of the pendant drop; 2) extraction of the drop contour, determination of the radius of curvature at the apex necessary for the calculation of interfacial tension; 3) smoothing of the extracted contour of the drop using polynomial regression; 4) shape comparison between the theoretical and experimental drop, inferring the interfacial tension value. It was necessary to write a small routine in order to evaluate correctly the value of the radius of curvature of the drop at the apex. The method was tested to measure interfacial tension between polyethylene and polystyrene. It was shown that it was not possible to measure interfacial tension between high density polyethylene and polystyrene using the pendant drop method most likely because the density difference between the two polymers is too low. However, it was possible using the pendant drop method to measure inter- facial tension between low density polyethylene and polystyrene. A typical experiment to determine interfacial tension lasted between 6 to 10 h depending on the viscosity of the samples to be studied. The interfacial tension γ(t) as calculated by the shape comparison could be fitted by an exponential decay. These results suggested the possibility of inferring the interfacial tension from transient data, thus shortening the duration of the experiment and eliminating the possibility of thermal degradation.
The interfacial tension between Low Density Polyethylene and Polystyrene was measured as a function of molecular weight of Polystyrene. It was shown that the interfacial tension increases as a function of molecular weight and levels off when the molecular weight of polystyrene reaches 30,000.00 g/mol
